Freshly prepared chick embryo cells have a lower glycolysis rate than cultured cells and can be used at higher concentrations in suspension to produce virus. Conditions for producing maximal yields (about IO a p.f.u./ cell) of Semliki Forest virus from suspensions containing lO 7 to it s cells/ml. were: (I) suitable preparation of the cells, (2)incubation at 3 l°, (3) maintenance of pH at 7 to 7"4, (4) adequate glucose, (5) adequate oxygen, (6) gentle agitation. The cultures required no nutrient other than glucose and the cells were suspended in Eade's saline. For cell concentrations up to 3 x Io~/ml. cultures were stirred in a simple sealed vessel and buffered with NaHCO3/CO2. Cultures containing lO 8 cells/ml, were stirred in a vessel equipped with automatic pH control and produced lO 11 p.f.u./ml, of virus.
INTRODUCTION
Replication of viruses in suspensions of tissue cells has advantages over methods in which the cells adhere to a surface. Thus, the suspension cultures can be sampled serially to facilitate study and they are more easily scaled up to produce larger quantities of virus for physicochemical investigation and for preparation of vaccines. In any type of culture it is desirable to determine the optimum conditions for producing a maximum yield of virus per host cell. In the case of viruses which are rapidly liberated from the host ceil, such as Semliki Forest virus, further increase of virus concentration in cultures can only be obtained by increasing the cell concentration. The practical limitations on cell concentration are principally concerned with supplying adequate carbohydrate and neutralizing the acid produced. Tissue cells cultured in vitro have a high glycolysis rate compared with cells freshly prepared from tissue (Paul, 1965) . For example, established cell lines such as HeLa, L and BHK have glycolysis rates which are about 25 times faster than cells freshly prepared from chick embryos and the cultured cells cannot easily be used at concentrations above about 1o6/ml. In this paper we describe the use of chick embryo cells at concentrations up to Io8/ml. to produce Semliki Forest virus.
METHODS
Virus inoculum. A 2o %(w/v) suspension of infected mouse brain was clarified and stored at -8o °. This material was a fourteenth mouse passage of the original strain (American Type Culture Collection VR 67) and had a titre of lO 1° p.f.u./ml.
Preparation of chick embryo cells. Forty I2-day whole chick embryos were minced and the tissue washed twice with phosphate-buffered saline (PBS) using I 1. per wash.
The tissue was suspended in PBS to a total volume of I 1. containing o'05 % trypsin (1:250, Difco, Laboratories, Detroit) and o.ooi % deoxyribonuclease (min. 33% activity of cryst., Koch Light Laboratories, Colnbrook, Buckinghamshire). After stirring at 37 ° for 30 roan., the undigested tissue was strained off on a double layer of cotton gauze and the cell suspension centrifuged at 2oo g for 5 min. The sedimented cells were resuspended gently in Parker's I99 medium with Io % calf serum (3oo ml.), strained again and counted. Suitable quantities were centrifuged again and resuspended as appropriate for the virus cultures. Cells were counted after adding a sample of suspension to an equal volume of 0"5 % trypan blue in saline. The average yield of unstained cells was If s per embryo. The ratios of trypan-blue-stained cells and of erythrocytes to unstained cells were 0.2 and o'3 respectively.
Virus cultures. Most cultures were 25 ml. of suspension stirred with a 2"5 cm. magnet in a sealed 250 ml. bottle (diameter 5 cm.). In experiments designed to compare variations in the culture conditions, sets of cultures were prepared from the same sample of chick embryo cells. Unless stated otherwise, cultures were infected with 5 p.f.u./cell of Semliki Forest virus.
Virus infectivity assay. Plaque assays were carried out on chick embryo cells suspended in agar (Bradish, Zwartouw, AUner & Algar, in preparation). Virus dilution (0"5 ml.) was added to 4"5 ml. of chick embryo cells (2 x Io7/ml.) suspended in I99 medium with If % calf serum but without sodium bicarbonate. Five ml. of 1.2 ~o agar in I99 medium without sodium bicarbonate was added and the whole mixture poured into a dish. After incubation at 34 ° for 2 days the plates were stained with neutral red. With 6 plates/sample replicates in the same assay varied up to + 8 %.
Glucose assay. The method of Somogyi (I945) was used.
RESULTS

Variation in preparation of cells
Digestion of the chick embryo tissue with trypsin concentrations greater than 0"05 % generally gave ceils which produced lower yields of virus, while lower trypsin concentrations gave lower yields of cells but no improvement in virus yield. Inclusion of DNase in the digest made centrifuged cell deposits easier to resuspend and the subsequent virus yield was usually improved. The erythrocyte content of the cell suspensions could be reduced by repeated washing of the tissue before digestion and by mechanical separation of the erythrocyte-rich lower layer in centrifuged cell deposits. However, this did not improve the subsequent virus yield and tests showed that adding more erythrocytes to the suspension did not affect the virus yield. Discarding the heads and viscera from embryos reduced the yield of cells without conferring any advantage on the subsequent yield of virus. Cells from embryos aged i I, I2 and 13 days all produced similar virus yields.
Effect of temperature
The greatest yield was obtained at 31 ° after 24 hr. Above this temperature, less virus was obtained but the maximum titre was reached in a shorter time. For example, at 37 ° the maximum was at 14 hr but was twofold less than the yield obtained at 31° (Fig. I) . The pronounced effect of temperature on virus yield can be largely accounted for by the rapid increase in inactivation rate of the virus with temperature. The in-fectivity half-life decreased about twofold for a 3 ° rise in temperature in the range 3 °0 to 4 o°. Thus the half-life at 3 I° was four times longer than at 37 ° (Fig. 2) .
Effect of pH
Cultures were adjusted to various initial pH values by varying the CO2 and NaHCO3 concentrations (e.g. Io% (v/v) CO2 with 0.022% NaHCO3 for pH 6.6, 1% (v/v) COs with o'44 % NaHCO8 for pH 8). The pH values of the cultures fell by up to o'25 and the mean of the initial and final pH values are plotted against the virus yields in Fig. 3 . The yield fell rapidly above pH 7"6 and was maximal at pH 7"0 to 7"4. 
Nutritional requirements
Serum. Tissue culture medium 199 with 5 % calf serum was used for the earlier experiments. The inclusion of serum improved the virus yields by about 3o % when the cell concentration was Io6/ml. However, with IO 7 cells/ml, any beneficial effect of serum was doubtful and none could be detected with 3 × lO7 or lO 8 ceUs/ml.
Nitrogenous materials. The addition to medium 199 of supplementary amino acids and B vitamins in the form of hydrolysed protein and yeast extract did not improve the virus yield. When Earle's saline was substituted for medium 199, the virus yield was not reduced so nitrogenous nutrients were unnecessary.
Carbohydrate. Omission of glucose from Earle's saline reduced the virus yield about threefold. Glucose concentration could be increased to i.o % without affecting the yield so adequate glucose could be supplied for higher cell concentrations. However, the glucose utilization rate of the infected cells was increased in higher glucose concentrations (Table I) . Antibiotics. Penicillin (lOO units/ml.) and streptomycin (lOO #g./ml.) had no adverse effect on virus yield and were routinely added.
Final medium. From the results indicated above it was evident that the balanced salt solution, Earle's saline, was adequate for propagation of Semliki Forest virus in chick embryo cell suspensions and the only nutrient required was glucose.
Oxygen requirement and agitation
Anaerobic cultures produced only a small yield of virus and utilized glucose faster than aerobic cultures. When excess glucose was supplied to an anaerobic culture, the virus yield was improved but was still less than half the yield from aerobic cultures ( Table 2) . With 3 x lO 7 cells/ml, a gas phase of air did not provide adequate dissolved oxygen but maximal yields were obtained when oxygen was substituted for air in the gas phase (Table 2 ). In the absence of glucose, the virus yield from lO 7 cells/ml. (see Table 1 ) was not improved by substituting oxygen for air in the gas phase. Oxygenation of the cultures depended on the degree of agitation and vigorous stirring could not be used because the cells were easily damaged. Optimal yields were obtained at 75 to 15o rev./min, and the yield was progressively reduced at higher speeds. At the lowest speed tested (38 rev./min.) some of the cells settled on the bottom of the culture vessel and the virus yield was less than at 75 rev./min. 
Multiplicity of infection
Cultures infected with o'5 to 5o p.f.u./cell produced similar yields at 24 hr. Multiplicities less than o. 5 produced progressively smaller yields. Growth curves revealed that the cells started to release new virus at 4 hr, so a second cycle of replication could start at this time. A comparison of growth curves (Fig. 4) about 4 hr behind that with a higher multiplicity of 22 p.f.u./cell. The proportion of cells infected up to 4 hr was much smaller at the lower multiplicity.
Cell concentration and culture volume
Experiments with greater cell concentrations and larger volumes demonstrated that similar virus yields of about 8o0 p.f.u./cell were obtained when the conditions were suitably adjusted (Table 3 ). Cell concentrations above 3 x ioT/ml, could not be adequately buffered in sealed vessels so automatic pH control was used with lO 8 cells/ ml. Culture volumes of 50 ml. containing lO s cells/ml., I.O % glucose and no NaHCO3 were stirred in a glass vessel (diameter 6 cm., height 12 cm.) by a two-bladed 'propeller' at 12o rev./min. A gas phase of oxygen was maintained by a continuous flow at 5 ml./min. The pH was measured with a glass electrode and a salt bridge of 0"9 % NaC1 connected to saturated KC1 and a calomel reference electrode. A pH metercontroller (model 9IB, Electronic Instruments Ltd, Richmond, Surrey) regulated addition of 0"5 N-NazCO3 which maintained the pH value at 7.1 + o.I. These cultures produced virus titres of 6 x lO 10 to 1.2 × IO 11 p.f.u./ml. * Gas phase contained 5 ~ or I0 ~o (V/V) CO2 for cultures with O'I ~oo or 0"4 ~ glucose and 0.22 and 0"44 ~ NaHCO3 respectively.
DISCUSSION
Freshly prepared chick embryo cells have several advantages for producing virus in suspensions. They can be used at high concentrations because they have a relatively slow glycolysis rate compared with cultured cells. Becase they have not been cultured, they are considered more satisfactory for the preparation of virus vaccines for human use. The cells can replicate Semliki Forest virus in a simple salt solution without serum or nutrients other than glucose so the virus obtained is free from other materials except that which leaks from the host cells. This is especially advantageous for subsequent purification and fundamental studies of the virus.
Telling, Radlett & Mowat (1967) described the production of Semliki Forest virus in suspensions of a hamster kidney cell line. In this method, the same complex medium used for growing the cells was also used to propagate the virus in suspensions containing lO 6 cells/ml. High yields (lO l° p.f.u./ml.) were obtained by using a selected variant of the virus which was not influenced by the interference phenomenon which occurred with the parent strain.
Pereira (1953, 1954) showed that chick embryo cells, grown first as monolayers, could produce fowl-plague virus when the cells were suspended in a balanced salt solution. Higher yields per ceil were obtained as the cell concentration was increased from IO e to IoT/ml. This correlates with our results in the absence of serum and the observation that addition of serum was beneficial only at cell concentrations below IoT/ml. A similar ability to produce virus without added nutrients has been demonstrated with suspensions of a cultured cell line and poliovirus (Zwartouw, TaylorRobinson & Westwood, 196o; Taylor-Robinson, Zwartouw & Westwood, 1961) . In this system, the cells contained sufficient energy-yielding substrate to replicate the virus without addition of glucose. This was advantageous because the cells produced little acid and could therefore be used at high concentrations. A similar phenomenon did not occur with the chick embryo cells replicating Semliki Forest virus. Maximal yields could not be obtained in the absence of added glucose even with an oxygen gas phase. In the alternative extreme condition of excess glucose in anaerobic cultures, the virus yield was also reduced. Freshly prepared chick embryo cells suffer from the disadvantage that they appear to be more susceptible to mechanical damage than cultured cells. This is important in considering agitation of the suspension cultures to provide adequate oxygenation. During the initial preparation of the cell suspension, addition of DNase helped to reduce mechanical damage because the centrifuged cells were more easily resuspended. This was presumably due to reduction of the viscosity produced by DNA liberated from disrupted cells.
Temperature has an important influence on the yield of Semliki Forest virus and the optimum found was 31 °. This is similar to the optimum reported (33-5 °) by Chiangshen, Chen-hsiang & Chaing-show 0966) for a different arbovirus, Japanese B encephalitis.
